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Abstract
A new device for noncontact transportation of small solid objects is presented here. Ultrasonic ﬂexural vibrations are generated
along the ring shaped vibrator using two Langevin transducers and by using a reﬂector parallel to the vibrator, small particles are
trapped at the nodal points of the resulting acoustic standing wave. The particles are then moved by generating a traveling wave
along the vibrator, which can be done by modulating the vibration amplitude of the transducers. The working principle of the
traveling wave along the vibrator has been modeled by the superposition of two orthogonal standing waves, and the position of the
particles can be predicted by using ﬁnite element analysis of the vibrator and the resulting acoustic ﬁeld. A prototype consisting
of a 3 mm thick, 220 mm long, 50 mm wide and 52 mm radius aluminum ring-type vibrator and a reﬂector of the same length and
width was built and small polystyrene spheres have been successfully transported along the straight parts of the vibrator.
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1. Introduction
Acoustic levitation is a method which uses sound radiation forces to suspend matter in a medium. The main use
of this phenomenon is for the contactless processing of matter, allowing the manipulation of liquids, solids, and even
small living animals (Xie et al., 2006), without any contamination and contact noise. Contactless processing of matter
presents many advantages in, for example, the fabrication of MEMS (microelectromechanical systems) (Reinhart and
Hoeppner, 2000), or in the chemical/biological industry when handling high-purity or hazardous materials (Santes-
son and Nilsson, 2004). Until 2010, acoustic levitation devices were limited to almost static experiments, with the
maximum displacement possible of only a few millimeters (Kozuka and Tuziuti, 1998).
The ﬁrst long distance acoustic levitation transportation system was presented by D. Koyama and K. Nakamura,
who used a plate actuated with two Langevin transducers, allowing the displacement of small objects and even liquid
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droplets in a linear trajectory by changing the temporal phase between the two transducers (Koyama and Nakamura,
2010). Foresti et al developed a technique also using a bending vibrator, however the transportation is performed by
varying the distance between the vibrator and the reﬂector (Foresti et al, 2011), and in 2013 they developed another
transportation technique by using a 1D array of Langevin transducers (Foresti et al, 2013).
In the acoustic levitation transportation system described in (Koyama and Nakamura, 2010), the standing wave of
the bending vibrator generates an acoustic standing wave between the vibrator and the reﬂector where small particles
can levitate at pressure nodes. By changing the spatial phase of the standing wave in the vibrator, the particle levitating
is moved by the same distance as the vibrator standing wave. In the original paper, the spatial phase shift of the
vibrator is the result of a temporal phase shift between the Langevin transducers. In this paper, we have used a
ring-type bending vibrator to achieve long distance non-contact transportation of small objects.
2. Ring-type vibrator
A ring-type structure consists of two straight beams of length L and two curved beams of radius R. It was ﬁrst
developed by Seemann (Seemann, 1996) as a new type of linear ultrasonic traveling wave motor. Finite element
analysis shows that, for certain ratios of L/R, double eigenfrequencies exist, meaning that you can generate a traveling
wave by superposing two standing waves with a π/2 phase diﬀerence in both time and space, in the same way as a
traveling wave rotary motor. The vibrator model used in this paper is presented in ﬁg. 1, where f1(θ, t) and f2(θ, t)
represent forced harmonic vibrations in the vertical direction.
Fig. 1. Ring-type vibrator.
We choose f1(θ, t) = A cos(θ) cos(ωt) and f2(θ, t) = A sin(θ) cos(ωt), where A is the excitation amplitude, θ a
variable, and ω the angular frequency. The length L and radius R are set to allow two pseudo orthogonal mode at the
frequency ω, and the distance d between the two excitation points as d = (2n+1)λ4 ; n ∈ N, where λ is the wavelength,
thus giving a spatial phase shift of ±π/2. The resulting ﬂexural wave of the neutral axis in the straight parts of the
vibrator is:
u = A cos(θ) cos(kx) cos(ωt) ± A sin(θ) sin(kx) cos(ωt)
= A cos(kx ∓ θ) cos(ωt) (1)
where k = 2π
λ
is the wave number. The equation 1 shows that θ is the spatial phase of the standing wave in the vibrator,
meaning that by changing the value of θ the standing wave will move by Δx = θk , therefore moving the levitating
particle with it.
3. Prototype and experimental setup
The prototype vibrator is designed through ﬁnite element analysis, by leaving the length L, width w, and thickness
h constant and by varying the radius R in order to look for a value of R where there are two pseudo orthogonal modes
at the same frequency. For our prototype, we used aluminium 5052 and chosen L = 220 mm, w = 50 mm and h = 3
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mm. The result of such analysis for the 22nd ﬂexural mode is shown in ﬁg. 2(a). Since for R ∈ [50.5, 53.5], the
two pseudo orthogonal modes have the same frequency, the radius of the prototype is chosen as R = 52 mm. The
resulting wavelength is λ = 34.85 mm at the frequency f = 21.6 kHz. Two Langevin transducers with horn are used
to generate the standing wave inside the vibrator ( f1 and f2 in Fig. 1), and the distance between them is d = 183
mm. The vibrator and the horns are manufactured from the same aluminium block in order to achieve impedance
matching between them, and then coupled with the Langevin transducers by using double ended screws. A photo of
the prototype is shown in Fig. 2(b).
Fig. 2. (a) Variation of frequency between the two pseudo orthogonal for the 22nd ﬂexural mode ; (b) Photo of the prototype.
A two channel function generator controlled remotely by a computer is connected to the Langevin transducers via
a high power ampliﬁer. A Matlab script is used to control the voltage amplitude of the transducers and therefore the
spatial phase of the standing wave in the vibrator. An aluminium plate of the same width w as the vibrator is installed
parallel to the vibrator at a distance equal to mλa2 ;m ∈ N, where λa is the wavelength of the acoustic standing wave.
Here, λa ≈ 18 mm and we chose m = 1 for maximum acoustic radiation force.
4. Experimental results
Acoustic levitation transportation of a small spherical polystyrene particles ( < 4 mm) are obtained successfully
along the straight parts of the ring-type vibrator, with the exception of on top of the junction between the mechanical
horns and the vibrator. Figure 3 shows the trajectory followed by the particle at the middle of the straight part of
the bottom of the vibrator, between the two horns, for θ ∈ [0, 2π] with θ˙ = 0.35rad/s, where the superimposed
photographs are taken at each second.
Fig. 3. Trajectory of the levitated particle.
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Figure 3 shows that the particle translates with an almost linear trajectory. The ”jumps” that the particle suﬀers
are caused by the scaling limitation of the function generator (the amplitude of the signals sent to the ampliﬁers was
between 8 mV and 102 mV instead of 0 mV and 102 mV). Because of this, acoustic levitation transportation of liquid
droplet was not successful, with the droplet falling or exploding at those ”jumps”.
Figure 4 shows the vibration amplitude ξ in mm, measured by a laser vibrometer, at the middle of the width of
the vibrator for various values of θ between 0 and π. This allows us to see the spatial phase shift of the standing
wave in the vibrator in relation to θ. The relation between the spatial phase shift and the value of θ, is, as expected,
almost linear with a proportional coeﬃcient equal to Δx = θk . Unfortunately, this is not always true, as closer to the
excitation points, the less linear is the relation between the spatial phase shift and θ. This can be explained by the
wave reﬂections at the junctions between the horns and the vibrator.
Fig. 4. (a) Amplitude of the standing wave at the bottom of the vibrator for θ ∈ [0, π] measured by the laser vibrometer ; (b) Amplitude of the
standing wave at the top of the vibrator for θ ∈ [0, π] measured by the laser vibrometer.
5. Conclusion
A new way of accomplishing long distance linear transportation of small object using acoustic levitation was
presented. For certain values of the ratio length/radius ( LR ) of the vibrator, two pseudo orthogonal modes can exist
at the same frequency, allowing travelling wave along the vibrator and thus acoustic levitation transportation. The
maximum transportation distance achieved by the prototype was 220 mm.
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